The effective, energy-saving and green subcritical fluid extraction (SFE) technology was applied to obtain the oil from Lycium ruthenicum seeds (LRSO). The optimal conditions of extraction parameters were found using response surface methodology with Box-Behnken experimental design. The maximum extraction yield of 21.20% was achieved at raw material particle size of 0.60 mm, extraction pressure of 0.63 MPa, temperature of 50°C and time of 48 min. Other traditional extraction technologies were comparatively used. The physicochemical property of LRSO was analysed and the chemical compositions indicated that they were rich in unsaturated fatty acid, b-carotene, tocopherols and total phenolics. Furthermore, the antioxidant activity of LRSO was evaluated by scavenging activity of three kinds of radicals (DPPHÁ, ÁOH and O 2 -Á) and lipid peroxidation in vitro. And its results showed the oil had the potential to be a novel antioxidant agent for using in the field of food, pharmaceuticals and cosmetics.
Introduction
Lycium ruthenicum Murr., belongs to the family Solanaceae, which principally distributes in the northwest of China. It usually grows in the environment of arid and saline-alkali land, which is beneficial for soil improvement and environmental protection (Liu et al., 2013; Wang et al., 2017) . Additionally, L. ruthenicum has been recorded in Tibetan medical classic 'Jing Zhu Ben Cao' as ethnic medicine and nutraceutical food. The fruits and seeds of L. ruthenicum are often used by locals to treat eyes and stomach, menoxenia, indigestion and fever, and its roots and barks are used in folk medicine for urolithiasis, gingiva bleeding and ringworm (Ding et al., 2017) . However, much work has not been focused on investigating the seed oil from L. ruthenicum (LRSO), and the effective components of the oil have not yet been documented. And current methods of extracting oil from seeds are high-cost, low yield and inefficient. This has limited the use of LRSO in industry. Recently, subcritical fluid extraction (SFE) is an emerging technique, which is performed at shorter extraction time, lower temperature and pressure, better selectivity and higher oil yield than those employed in traditional extraction techniques (Liu et al., 2014; Lu et al., 2014) . And the extraction process is environmentally-friendly, low energy consumption and can protect the heat-sensitive components of the materials. Therefore, SFE can be served as a very potential technique in L. ruthenicum seeds oil.
Response surface methodology (RSM), as a powerful mathematical and statistical technique, is availably used to evaluate the relationships between independent parameters and measured responses (Box & Wilson, 1951) . In this study, subcritical fluid extraction of LRSO was mainly investigated. The main processing factors were optimised for extracting seeds oil by RSM with a four-variable-three-level Box-Behnken design (BBD). Seeds oil components were comprehensively determined and tocopherols, b-carotene and total phenolics from different regions of China were estimated. Furthermore, antioxidant activity of these seeds oil was assayed by radicals scavenging activity of DPPHÁ, ÁOH and O 2 À Á in vitro. Thus, the optimal SFE conditions of LRSO were obtained, and characteristic constituents and physicochemical property were clearly stated. We also demonstrated LRSO had strong antioxidant capacity, which could be applied in food, pharmaceuticals and cosmetics.
Materials and methods

Materials and chemicals
Fresh L. ruthenicum fruits were collected from Northwest China, in September, 2015. The seeds, from the fresh fruits, were dried in circulation oven at 50°C, and the next process of experimental pretreatment was carried out using the method described by Liu et al. (2014) with some modifications. Normal butane was produced by Anyang Jinghua Oil Engineering Co., Ltd, China. All other chemicals and reagents used were of analytical grade.
The extraction methods of LRSO
Extraction of supercritical carbon dioxide extraction (SCDE) was performed in a semi-batch flow circulatory extraction apparatus. The dried seeds were pretreated and then approximately 500 g seeds samples were loaded in the extractor cylinder which was introduced into the extraction vessel, and CO 2 was let in. During the extraction process, the extraction parameters of temperature (55°C), pressure (26 MPa) and CO 2 flow rate (80 L h À1 ) were controlled by operating the valves on the front panel. When the scheduled time (totally 60 min) was over, the extraction chamber was depressurised and the seeds oil was gathered from the separators. The Soxhlet extraction (SE) of 5.0 g of the preprocessed seeds was conducted in the Soxhlet extractor with solvent of n-hexane (boiling point of 40-60°C). After 4 h, the extraction process was stopped and the mixture of solvent and oil was separated using rotary evaporator under vacuum at 70°C. For mechanical pressing method (MPM) process, the powder samples of pretreatment were placed on the pressing equipment (Model: Z150-1, Beijing Yijiayi Machinery Institute of Technology, China). When the scheduled time (2 h) was achieved, the pressing chamber stopped running and the oil was collected from the filterable separator. The LRSO were obtained by these methods and then weighed for subsequent analysis.
In the present work, subcritical fluid extraction (SFE) was performed using the assembly shown in Fig. 1 , which was used with some modifications (Liu et al., 2014; Zanqui et al., 2015) . A compression pump with digital flow rate and readouts was used to impel the normal butane extractant fluid through the system. All the reaction and collection chambers made of stainless steel tubes were used for the extraction process. The extractor capacity was 5000 mL and the maximum flow rate of the normal butane fluid was 60 L h À1 . The pretreated seed samples (500 g) were placed into the extractor chamber, and pure n-butane stored was pumped into the oven via valve 1 in the form of subcritical fluid. Valves (2, 4 and 5) and compression pump regulated the extraction pressure, and extraction temperature was controlled by a temperature controller. After the setting time, the mixed extracts got to the separator, oil was collected through valve 7. The extractant fluid became gaseous and reached the compression pump, enabling circulation of the extractant through valve 3 and 6. Because of using the filter before collecting the products, the quality of the oil was much better than before.
In above-mentioned extraction methods, three extraction times was carried out, and successive collected oil samples were weighed and analysed. The oil yield (%) was gravimetrically calculated by the following equation: oil yield (%) = M extracted oil /M dried seeds 9 100%. The value of oil yield (%) was the average of triplicate in each trial.
Experimental design and statistical analysis
Based on the analysis of single factor test, the experimental parameters for SFE of oil from L. ruthenicum seeds were optimised by RSM with Box-Behnken design (BBD). Four parameters, extraction pressure (MPa, X 1 ), raw material particle size (mm, X 2 ), temperature (°C, X 3 ) and time (min, X 4 ), were selected and analysed for the extraction process at a four-variable-three-level BBD, as shown in Table 1 . DesignExpert software (Version 7.0.1.0) was used to analyse the RSM data and to determine the best combination of extraction conditions for the production of oil. The model and theory with second-order polynomial have been explained and developed in our previous research (Liu et al., 2014) , and its simplified model is displayed by the following equation:
where Y (%) is the yield of extracted LRSO and it is the predicted response; a 0 is a constant; a m , a mm and a mn stand for the first-order model coefficient, the squared coefficient for the factor m, and the linear model coefficient for the interaction between factors m and n, respectively. X m and X n are independent variables (m 6 ¼ n). Design-Expert software was applied for the statistical design of trials and data analysis.
(GC-MS), and the method was based on our previous research (Liu et al., 2014) . The identification of compositions (mainly fatty acids) was based on matching their recorded retention indices with a certified fatty acid methyl esters mix and mass spectra library. In addition, the tocopherols (or Vitamin e, Ve) were determined by the method of Liebler et al. (1999) with some modifications, the determination of b-carotene was used by the method of Schierle et al. (2004) , the total concentration of phenols was determined according to the Folin-Ciocalteu method (Waterman & Mole, 1994) , and the density, iodine, saponification, peroxide and acid values of oil were determined using the standard methods ASTM D-5002, ASTM D-974, AOCS Cd 1c-85, AOCS Cd 3-25 and AOCS Cd 8-53 (AOCS, 1976; AOAC, 1990) , respectively.
Determination of antioxidant activity
The antioxidant activity of seeds oil samples was determined and evaluated using the DPPH free radical, hydroxyl radical and superoxide anion as described by the previous studies. The effect of seeds oil on DPPH radical was assayed referring to the procedures of Brandwilliams et al. (1995) . Measurement of superoxide anion (O 2 À Á) scavenging activity was investigated based on the method described by Lin & Li (2010) . The Fenton-type reaction was usually applied for analysis and evaluation of scavenging activity of hydroxyl radical (Morales, 2005) .
The oil peroxidation that was induced by extent of Fe 2+ /ascorbate system has been determined by TBA assay according to procedure described in previous * Results are expressed as % over the total content (relative content) and presented meansAESD (n = 3); There were no significant differences between these extraction methods. SE, Soxhlet extraction; MPM, mechanical pressing method; SCDE, supercritical carbon dioxide extraction; SFE, subcritical fluid extraction.
research (Beara et al., 2012; Zekovic et al., 2016) . Results were indicated as radical scavenging capacity (%LRP), which were calculated using the following equation:
where A b is absorbance of blank, A w is absorbance of working solutions, and A c is absorbance of control solution. Antioxidant activity was expressed as the inhibition concentration at LRP value 50% (LRP 50 ), which represents the concentration of test solution required to obtain 50% of radical scavenging capacity expressed as mg per mL (mg mL À1 ). All these methods were used with some modifications, and each experiment was performed in triplicates and the results were expressed as mean value.
Results and discussion
Effects of extraction parameters
The selection of potentially effective parameters was greatly considered as the most important intention in the extraction process. Extraction pressure, temperature, raw material particle size and time are very important factors of SFE on the oil yield (Fig. 2) . So univariate analysis was necessary. Different extracting parameters were investigated while other conditions were set in a reasonable range. For example, extraction pressure was from 0.3 to 0.7 MPa, while other parameters were as follows: raw material particle size 0.7 mm, temperature 45°C, and time 45 min. It can be seen from Fig. 2a that the seeds oil yield obviously increased when the extraction pressure was at the range of 0.3-0.5 MPa. The oil yield increased to 18.49% with extraction pressure of 0.5 MPa. There is no significant when pressure exceeded 0.6 MPa. For all the considered factors, the increase in extraction pressure systematically improved the oil solubility in subcritical fluid. Indeed, the positive effect of pressure on subcritical fluid (n-butanol) or/and supercritical CO 2 extraction of oil from Nitraria tangutorum (Liu et al., 2014) , Mucuna (Garcia et al., 2012) and macauba kernel oil (Trentini et al., 2018) was already reported. However, higher pressure requires higher quality and stability of the equipment, and it also leads to waste energy and increase costs. So 0.6 MPa was suitable for the central point of extraction pressure in the RSM trials.
Another effective parameters are raw material particle size, temperature and time, which have great impacts for the extraction efficiency and selectivity of extractant in the extraction process. Results for the oil yield with different parameters were shown in Fig. 2b-d . It was observed that the oil yield was highest when the particle size was 0.5 mm (Fig. 2b) and temperature was 45°C (Fig. 2c) , respectively. Figure 2d showed that there was an increasing trend in oil yield accompanying increases in the extraction time, but no significant difference (P > 0.05) was observed between 45, 55 and 65 min. Thus, through the analysis of single factor experiments, raw material particle size, extraction temperature and time employed for the central point of the RSM experiments were set as 0.5 mm, 45°C and 45 min, respectively.
Optimisation of SFE parameters via RSM
In this study, the total number of experimental runs was 29 and different combinations of seeds oil yield were shown in Table S1 . Each extraction combination of the parameters can correspondingly produce response value (oil yield). The regression coefficients of the linear, intercept, two-factor interaction and quadratic polynomial of the model were tested with ANOVA and the analysis results were presented in Table S2 . It can be concluded that this model is appropriate for prediction and optimisation of the extraction parameters.
The attained experimental data were assessed by analysis of variance (ANOVA), and the effects of factors and factor interactions also are presented by Pareto chart (P = 95%) in Figure S1 . The dotted line on the plot estimates the effects of the variables that are statistically significant (P < 0.05). Furthermore, the black or green plot response, which represents the positive or negative sign, can be enhanced or reduced by each variable, respectively. It can be seen that three linear parameters (X 1 , X 2 and X 3 ) and all quadratic parameters are very significant (P < 0.01). By employing multiple regression analysis on the experimental data, a relationship between the response (oil yield) and variables was obtained and expressed by the following second-order polynomial equation:
2 , where Y (%) is the response value of oil yield, X 1 , X 2 , X 3 and X 4 are the means of the variables, extraction pressure, raw material particle size, temperature, and time, respectively.
The ANOVA of the model showed F-value 8.64 (P < 0.01), coefficient of determination (R 2 ) 0.8963, predicted R 2 (pred.) 0.5230 and adjusted R 2 (adj.) 0.7926. This implied that the model was significant. However, the values of 'pred R 20 and 'adj R 20 are not close, which may indicate a block effect or a possible problem with the model and/or data. The lack of fit was insignificant (P > 0.10) and the F-value was 1.05, which indicated that lack of fit was not significant relative to the pure error. The signal to noise ratio was measured by value of adeq precision, and it was reported that a ratio greater than four is desirable (Liu et al., 2013) . The experimental ratio of 8.688 indicates an adequate signal. Therefore, this model was perfect and can be suitable to navigate the design thought and space.
As can be shown in the Figure S2 , they present the 3D-plot for the influence of parameters combination. From the results of these ranges of the examined variables, it could be summarised that increase in extraction pressure and time exhibited a positive effect on the predicted oil yield, with its maximum at 21.11% at extraction pressure of 0.63 MPa, raw material particle size of 0.61 mm, temperature of 49.36°C and time of 47.32 min. In the convenience issues (such as operating and recording) to consider, the optimum experimental conditions were selected as follows: X 1 , 0.63 MPa; X 2 , 0.60 mm; X 3 , 50°C; X 4 , 48 min. The oil yield was 21.20 AE 0.57% (n = 3) with using above parameters combination, and there was no significant (P > 0.05) difference between predicted (21.11%) and measured (21.20 AE 0.57%) values. Therefore, it can be summarised that the RSM model was accurate and adequate to reflect the expected optimisation of subcritical fluid extraction process for the seeds oil yield.
Comparison to extraction techniques and fatty acid composition analysis
The oil yields of extraction experiments on L. ruthenicum seeds performed by different techniques are compared in this study. The highest amount (21.20%) of seeds oil was obtained by subcritical fluid extraction (SFE) with n-butane solvent under the optimal conditions. And the second highest oil yield was 19.76% in the case of supercritical fluid extraction with CO 2 (SCDE), which produced at very high extraction pressure (25.5 MPa). Lowest yield (12.63%) was attained using mechanical pressing method (MPM). Traditional Soxhlet extraction method (SE) with a long extraction time (210 min) and high temperature yielded 16.25%. Based on comparison to the four extraction techniques, SFE presented significantly highest yield (21.20%), shortest time (48 min), low extraction pressure (0.63 MPa) and temperature (50°C). Therefore, SFE for LRSO seems to provide the most attractive method with several advantages such as high yield, low cost and time-saving. The mild temperature and pressure used for SFE also reduce or eliminate degradation of the bioactive components resulting in seeds oil free of solvent residues.
The fatty acid compositions of LRSO were determined by GC-MS, and oil extracted via different extraction methods (SE, MPM, SCDE and SFE) was presented in Table 1 . It can be seen that unsaturated fatty acids (C18:1, 18.70-19.30%; C18:2, 72.06-73.53%; C18:3, 0.55-1.37%) in the oil samples are the predominant components, and the sum content of linolenic acid, linoleic acid and oleic acid is over 92%. There were no significant differences between the seed oil obtained through these extraction techniques.
Physicochemical properties of LRSO
The physicochemical properties of LRSO including the main fatty acid composition, density, acid value, peroxide value, saponification value and iodine value vis-a-vis the reported data of rapeseed, peanut, soybean, corn and sunflower oils (Karmakar et al., 2010; Sarin et al., 2010) are summarised in Table 2 . The quite high content of unsaturated fatty acid (linolenic acid, 0.92%; linoleic acid, 73.36%; oleic acid, 18.70%) indicated that LRSO had potential benefits for the edible products, pharmaceutical, or cosmetics industries. Additionally, the main unsaturated fatty acid compositions of LRSO were similar to the sunflower oil, which can be elucidated that the density (0.915 g mL À1 ), saponification value (166.24 mg KOH per g oil) and iodine value (139.4 g I 2 per 100 g oil) of LRSO were almost the same as those of sunflower oil (0.916 g mL À1 , 188.30 mg KOH per g oil and 142.2 g I 2 per 100 g oil). Furthermore, the acid value (1.28 mg KOH per g oil) and peroxide value (1.10 meq per kg oil) of LRSO were relatively low, which indicated this seed oil possessed a higher oxidative stability and could be stored long-term.
Antioxidant activity
The percentage of DPPH radical scavenging activity of LRSO was shown in Fig. 3a . It presented the DPPH scavenging activity of 50% at 18.74 mg mL À1 whereas for VE (vitamin E, reference substance) was found to be over 60% at 0.50 mg mL À1 . It was also found that scavenging activity had a concentration-dependent relationship with the seeds oil. The scavenging activity increased at 69.02% while the concentration of oil was 40.00 mg mL À1 . Figure 3b shows the dose-response curve for the superoxide radical and hydroxyl radical scavenging activities of LRSO. The percentage of radicals scavenging effects of seeds oil was concentration related well. For superoxide radical, the scavenging activities of the seeds oil and VE were all over 60% at dose of 15 mg mL À1 , and the IC 50 values were 8.94 and 0.48 mg mL À1 , respectively. The result of the hydroxyl radical scavenging activity of the seeds oil was similar to superoxide radical. The percentage of hydroxyl radical scavenging activity exceeded 65% when both oil and BHT was at 15 mg mL À1 . The scavenging effect of oil increased significantly when oil concentration was in the range of 0.125-15 mg mL À1 . And the IC 50 of the oil from L. ruthenicum was 7.89 mg mL À1 suggesting that seeds oil was good candidate for hydroxyl radical scavenging.
Moreover, comparing the antioxidant activity obtained in this study with activity of LRSO obtained by other extraction methods (Table S3) , it could be concluded that seed oil extracted by SFE exhibited the highest activity towards three kinds of radicals (DPPHÁ, ÁOH and O 2 À Á). And the IC 50 values were 18.74, 7.89 and 8.94 mg mL À1 , respectively. Reason for such difference in activity against radicals may lie in fact that SFE technique can protect the heat-sensitive antioxidative components (such as VE) of LRSO. As we known, lipid peroxidation represents a series of chain reactions which may be initiated by hydroxyl radical, alkoxyl radicals, peroxyl radicals and peroxynitrite. Activity of LRSO (LRP 50 ) ranged from 1.07 to 3.20 mg mL À1 . In addition, the tocopherols, b-carotene and total phenolics content of LRSO from different regions were determined, and the results showed that LRSO possessed high content of these active ingredients (Table 3) . LRSO from Nuomuhong, Qinghai Province presented the highest values for content of tocopherols (31.35 mg per 100 g) and b-carotene (49.61 mg per 100 g), while Cele, Xinjiang Province showed comparatively low content of tocopherols (14.84 mg per 100 g) and b-carotene (35.75 mg per 100 g). LRSO obtained in this study exhibited the superiority in antioxidant property as compared with some common edible oils (corn, olive, soybean, sunflower and canola oils) and nut oils (Miraliakbari & Shahidi, 2008; Chan & Ismail, 2009; Sarin et al., 2010) , which indicated that LRSO might play a potential role as health-promoting antioxidant agent in human diets. Previous studies have demonstrated that antioxidant potentials of plant oils can be attributed mainly to the polyunsaturated fatty acid (PFA), tocopherols and phenolics (Gai et al., 2013; Zekovic et al., 2016) . In this work, LRSO possessed quite high content of PFA (74.28%), and had considerable quantities of tocopherols (31.35 mg per 100 g) and phenolics (10.21 mg per 100 g) thus primarily contributing to the outstanding antioxidant activity. 
Conclusions
In the present work, subcritical fluid extraction (SFE) was considered as a green, efficient, energy-saving and environmental friendly technique for extracting LRSO.
The maximum yield of 21.20% was obtained at the optimal extraction conditions of SFE (material particle size 0.60 mm, pressure 0.63 MPa, temperature 50°C and time 48 min). Based on comparative analyses, we concluded that SFE represented a valuable alternative to the conventional extraction technologies (SE, MPM and SCDE) for the efficient extraction of LRSO, and SFE had great potential for the industrial extraction of LRSO and other plant resources. Meanwhile, the present study indicated that LRSO was rich in unsaturated fatty acid, b-carotene, tocopherols and total phenolics, and also possessed strong capacity of scavenging free radicals. Thus, LRSO can play a potential role as health-promoting antioxidant agent applied in functional foods or medicine. However, establishment of quality standards and safety evaluation for LRSO must investigated further.
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